Abstract Thiazolidinediones (TZDs), peroxisome proliferator-activated receptor gamma activators, and insulin sensitizers represent drugs used to treat hyperglycemia in diabetic patients. Type 2 diabetes mellitus (T2DM) is associated with a twofold increase in fracture risk, and TZDs use increases this risk by an additional twofold. In this study, we analyzed the effect of systemic administration of the TZD rosiglitazone on new bone formation in two in vivo models of bone repair, a model of drilled bone defect regeneration (BDR) and distraction osteogenesis (DO) and a model of extended bone formation. Rosiglitazone significantly inhibited new endosteal bone formation in both models. This effect was correlated with a significant accumulation of fat cells, specifically at sites of bone regeneration. The diminished bone regeneration in the DO model in rosiglitazone-treated animals was associated with a significant decrease in cell proliferation measured by the number of cells expressing proliferating cell nuclear antigen and neovascularization measured by both the number of vascular sinusoids and the number of cells producing proangiogenic vascular endothelial growth factor at the DO site. In summary, rosiglitazone decreased new bone formation in both BDR and DO models of bone repair by mechanisms which include both intrinsic changes in mesenchymal stem cell proliferation and differentiation and changes in the local environment supporting angiogenesis and new bone formation. These studies suggest that bone regeneration may be significantly compromised in T2DM patients on TZD therapy.
Introduction
Clinically, bone homeostasis and bone repair are affected in patients with type 2 diabetes mellitus (T2DM) [reviewed in 1]. Regardless of normal or even high bone mineral density, T2DM patients are at increased risk of fractures [2, 3] . The therapeutic use of antidiabetic the thiazolidinediones (TZDs) rosiglitazone and pioglitazone correlates with bone loss and further increases fracture risk, placing TZDs in a category of drugs associated with secondary osteoporosis [1] . Additional risk factors for the development of TZD-induced secondary osteoporosis are gender (women), age (elderly), and duration of treatment [4] [5] [6] [7] .
TZDs exert their antidiabetic effects by activating the adipocyte-specific transcription factor peroxisome proliferatoractivated receptor gamma (PPARc), which controls glucose and fatty acid metabolism [8] . In bone, PPARc controls the differentiation of cells from the mesenchymal and hematopoietic lineages toward bone-forming osteoblasts and boneresorbing osteoclasts, respectively [9] [10] [11] [12] [13] [14] . Numerous mechanistic studies in animals and in in vitro cell models suggest that the TZDs uncouple normal bone remodeling by decreasing bone formation and/or increasing bone resorption; however, it is still unclear which of these processes are responsible for the bone loss and increased fractures observed in humans [10, 11, 13, [15] [16] [17] [18] . PPARc, specifically its PPARc2 isoform, commits marrow-derived mesenchymal stem cells (MSCs) toward the adipocyte lineage and suppresses their differentiation toward the osteoblast lineage. These effects translate in vivo to significantly decreased osteoblast numbers and bone formation rate with a simultaneous increase in the number of adipocytes in the bone marrow [10, 19] .
Although the detrimental effects of TZDs on bone mass and increased fracture rate are well documented, surprisingly there is a paucity of evidence describing the effect of TZDs on bone healing. Bone healing is a complex cascade of cellular events that requires the differentiation of osteoblasts from the pool of MSCs, neovascularization, and primary bone formation that precedes the remodeling phase consisting of bone resorption and secondary bone formation [20] . In the studies described here, the effect of systemic administration of rosiglitazone on new bone formation was studied in two in vivo bone repair models, drilled bone defect regeneration (BDR) and tibial distraction osteogenesis (DO) [21] [22] [23] [24] [25] . Both models allowed a detailed analysis of the effect of TZD-activated PPARc on the process of new bone formation, fat accumulation, and neovascularization that have been shown to be critical for normal bone healing [20] . These studies provide compelling evidence that bone regeneration and healing are likely to be affected in individuals who are on TZD therapy.
Materials and Methods

Animals
Sixteen-week-old male mice of either C57BL/6 strain (Jackson Laboratories, Bar Harbor, ME) or an unrelated a/a strain (agouti control VY/WffC3Hf/Nctr-a, colony maintained at the University of Arkansas for Medical Sciences) [26, 27] were used in these studies. C57BL/6 mice were used for the BDR experiments, whereas a/a mice were used for the DO studies. The design of both experiments followed the same scheme. To mimic the clinical situation in which patients experience fracture and undergo subsequent healing while on TZD therapy, treatment with rosiglitazone was initiated 2 weeks prior to the initial bone injury for either BDR or osteotomy for DO studies. Rosiglitazone treatment was continued for the next 2 weeks after either introduction of the drilled defect or DO osteotomy. For BDR studies, the experimental groups consisted of four mice/group and for DO studies six mice/group were used. Mice were fed a controlled amount of chow either nonsupplemented or supplemented with rosiglitazone at a concentration of 0.14 mg/g chow. The average intake of rosiglitazone calculated at the end of the experiment was 16 lg/g body weight/day. After surgery, mice were housed in individual cages in constant temperature-(22°C) and humidity-(50 %) controlled rooms on a 12-h light/12-h dark cycle. All research protocols were approved by the Institutional Animal Care and Use Committee at the University of Toledo Health Sciences Campus (for BDR) and at the University of Arkansas for Medical Sciences (for DO).
Drilled BDR Regeneration Model
The drilled BDR model consists of a defect created in the lateral surface at the tibial midshaft by drilling a 0.9-mmdiameter hole through a single cortex. The regeneration process comprises intramembranous bone formation [21] [22] [23] . This model allows for the creation of a reproducible bone defect, which regenerates in a timely, ordered fashion. The bone-healing sequence consists of an initial inflammatory response (first week), followed by hard callus formation with poorly organized woven bone (second week) and a phase of primary bone remodeling, which leads to final bone healing (third and fourth weeks) (Fig. 1) . In the present experiments bone regeneration was continued for a period of up to 2 weeks until mice were killed. Operated tibiae and intact contralateral control tibiae were harvested for microCT analysis of both the mineralized bone component and the marrow fat component, as described below.
DO Model
DO represents a model of bone regeneration through purely intramembranous bone formation induced in response to low-energy distraction [28] . Mouse tibiae underwent placement of a two-ring external fixator spanning a midshaft osteotomy, as previously described [28] . Distraction began 1 day after surgery (24-h latency) at a rate of 0.075 mm twice a day (total 0.15 mm/day) and was continued for 14 days. After the distraction period, mice were killed and both tibiae (distracted and contralateral) were harvested for lCT and histological analyses.
lCT Visualization and Volumetric Analysis of Bone in BDR and DO Models Images of bone specimens from the BDR model were acquired at 70 kV X-ray energy and 114 lA intensity using the lCT-35 system (Scanco Medical, Bassersdorf, Switzerland) at the University of Toledo Health Science Campus and reconstructed using 6 lm isometric voxel at 2,048 samples and 1,000 projections. Image analysis was conducted on 220 consecutive cross-sectional slices encompassing the defect and including 0.2 mm of intact bone at each end of the specimen. Image segmentation was done at global threshold conditions by applying an optimized grayscale threshold of 220-1,000 with a 3-dimensional (3-D) noise filter set to sigma 1.2 and support 2.0. Bone volumes were calculated directly from the sum of the individual voxel volumes in 3-D reconstructions. Images of bone specimens resulting from DO experiments were acquired at 55 kV X-ray energy and 70 lA intensity using the lCT-40 system (Scanco Medical) at the University of Arkansas for Medical Sciences and reconstructed using 12.4 lm isometric voxel and analogous sample and projection settings, as previously described [29] . Image analysis was conducted on 200 cross-sectional slices encompassing the defect and including 0.4 mm of intact bone at each end of the specimen. Image segmentation was done by applying an optimized gray-scale threshold of 245-1,000 with a 3-D filter set to sigma 0.8 and support 1.0. Minor differences between measurements obtained with the two different lCT systems regarding X-ray energies, image resolutions, and 3-D filtering were appropriately corrected.
lCT Visualization and Volumetric Analysis of Lipid Content in Bone Marrow Surrounding the BDR Site
Following completion of bone imaging, specimens containing BDR and contralateral counterparts were separately decalcified in 10 mL of 2 % HCl and 1 % EDTA for 3.5 h at room temperature with slow agitation. Next, specimens were washed for 5 min in PBS buffer (pH 7.0) and stained for 1 h in solution containing 2 % osmium tetroxide prepared in 0.1 M sodium cacodylate buffer (pH 7.4). Staining was carried out in an exhaust hood and away from light due to osmium tetroxide toxicity and light sensitivity. Images of lipid depositions were acquired at 70 kV energy and 114 lA intensity using the lCT-35 system and reconstructed using 12 lm isometric voxel at 1,024 samples and 500 projections. Image segmentation was done under global threshold conditions by applying a gray-scale threshold of 480-1,000 using a permille scale with a 3-D noise filter set to sigma 1.2 and support 2.0. Lipid volumes were calculated directly from individual voxel volumes in 3-D reconstructions.
Histological and Immunohistochemical Analyses of the DO Gap
Distracted and contralateral tibiae were decalcified in 5 % formic acid, dehydrated, and embedded in paraffin [30, 31] . Longitudinal (coronal) sections of 5-7 lm thickness were cut on a microtome (Leitz 1512, Wetzlar, Germany) and stained with hematoxylin and eosin. Sections were selected to represent a central gap location from the mid-sagittal plane including all four cortices and the medullary canal proximally and distally. Adipocyte number was analyzed in a quadrilateral region of interest (ROI) which included both the proximal and distal endosteal new bone measured from Fig. 1 Sagittal lCT renderings of murine tibia model of drilled bone defect regeneration (BDR). The skeletal injury was generated in the tibia of a C57BL/6 mouse as described in ''Materials and Methods'' section. Mice were killed at different time points after surgery, representing the inflammatory (1 week), hard callus (2 weeks), and remodeling (3 and 4 weeks) phases of healing [21] . New bone at the injury site with a poorly organized trabecular structure forms approximately 2 weeks postsurgery. Three weeks postsurgery the injury site is covered by a layer of bone on the periosteal side and the process of remodeling of newly formed woven bone in the endosteum is initiated. Almost complete cortical bone restoration and woven bone remodeling are observed at 4 weeks postsurgery the inside corners of the cortices adjacent to the medullary canals. Adipocytes were identified as empty spaces with the characteristic oval shape. Osteoblasts expressing osteocalcin were detected with antiosteocalcin polyclonal antibody (ALX-210-333; Alexis Biochemical, San Diego, CA). Cells expressing proliferating cell nuclear antigen (PCNA), vascular endothelial growth factor (VEGF), and CD34, a marker of endothelial and hematopoietic cells, were detected by immunohistochemistry using polyclonal antibodies against each: sc-7907, sc-507, and sc-18917, respectively (Santa Cruz Biotechnology, Santa Cruz, CA). Nonimmune serum, nonimmune IgGs (rabbit, goat, rat), and biotinylated secondary antibody were purchased from Vector Laboratories (Burlingame, CA).
Statistical Methods
Statistical analyses of differences between the control and experimental groups for all lCT and immunohistochemical analyses were performed using Student's t-test. All data are reported as the mean ± standard deviation (SD), and differences are considered statistically significant when p \ 0.05.
Results
Rosiglitazone Decreased New Bone Formation and Caused Significant Fat Accumulation within the Bone Defect in the BDR Model
The BDR model comprises a bone defect introduced by drilling a hole across a single cortex of the tibial diaphysis and its regeneration for a period of 4 weeks. The effect of rosiglitazone on bone regeneration was assessed in animals which were preconditioned to rosiglitazone for 2 weeks before a defect was generated and 2 weeks after a defect was created. Tibial bones were harvested 2 weeks after surgery, during the phase of most active bone formation. This phase comprises high osteoblast activity involved in the formation of woven bone and an effective process of neovascularization that is supported by the local bone marrow microenvironment (Fig. 1) [21] [22] [23] . Harvested bones were analyzed with lCT for a volume of newly formed bone and a volume of fat accumulated at the defect site. As shown in Fig. 2a, c , the total volume of newly formed bone within the BDR defect in mice treated with rosiglitazone was 35 % lower than in control mice. More detailed analysis demonstrated that rosiglitazone treatment specifically decreased endosteal bone formation (by 60 %), whereas formation of new bone in the periosteal area was unaffected (Fig. 2c) .
The decrease in new bone formation due to rosiglitazone treatment was associated with substantial fat infiltration into the same region (Fig. 2a, b, d) . The fraction of fat occupying the region of the drilled defect undergoing regeneration was significantly increased in mice receiving rosiglitazone (33.3 % rosiglitazone vs. 0.4 % control, p \ 0.05) (Fig. 2d, total fat) . This increase was primarily due to an increase in fat content in the endosteal region (27.3 % rosiglitazone vs. 0.3 % control, p \ 0.05) (Fig. 2d , endosteal fat) rather than the periosteal region (9.2 % rosiglitazone vs. 0.1 % control) (Fig. 2d, periosteal fat) . The significant increase in fat volume following rosiglitazone treatment was specific to the area where bone regeneration occurred since rosiglitazone administration increased fat content in the corresponding region of uninjured contralateral tibia only to approximately 1.5 % (Fig. 2e) . These data suggest that the mesenchymal cells involved in the process of new bone formation express PPARc and are prone to proadipocytic differentiation in response to rosiglitazone-activated PPARc.
Rosiglitazone Decreased New Bone Formation and Caused Accumulation of Fat in the DO Gap
To study the effects of rosiglitazone treatment further, we employed another model of bone regeneration, namely, tibial DO. The new bone formation in this model is induced by a gradual, low-energy mechanical distraction to the murine tibia [20, 24, 25] . Bone is formed in the distraction gap by intramembranous ossification and follows a welldescribed pattern of uniform microcolumns parallel to the distraction force [20, 24] . DO produces a large number of bone-forming zones that are completely lined by active osteoblasts and initially uncoupled from the presence or activity of osteoclasts. Thus, DO represents a model uniquely suited for in vivo study of osteoblast function during direct trabecular bone formation.
As in the BDR studies, mice undergoing DO were preconditioned with rosiglitazone before surgery, as described in ''Materials and Methods'' section; and treatment continued for the following 2 weeks after surgery, which covered the entire DO process. At the end of the experiment, operated and contralateral tibiae were harvested and new bone formation in the operated tibia was analyzed with lCT. As shown in Fig. 3a , new bone formation in the DO gap was significantly compromised in mice treated with rosiglitazone. Compared to untreated control mice, the fraction of total new bone formed in the DO gap was decreased by 22 % in mice receiving rosiglitazone (Fig. 3b, total new bone) . Detailed analysis showed that the fraction of new bone that was formed in the endosteal area was decreased by 82 % (Fig. 3b, endosteal new bone) , whereas the fraction of bone that was formed in the periosteal area was decreased by 33 % compared to nontreated control (Fig. 3b, periosteal new bone) . As in the BDR Fig. 2 The effect of rosiglitazone on bone regeneration and fat accumulation in the BDR model. Two weeks after surgery both tibiae, with a defect and contralateral, were harvested for lCT assessment of mineralized tissue mass and fat mass at the site of the defect or at the corresponding site in the contralateral tibia. a Representative lCT renderings of horizontal cross sections of the tibia with a drilled cortical defect harvested from control and rosiglitazone-treated animals. MT renderings of mineralized tissues, FT renderings of fat stained with osmium tetroxide after bone demineralization, as described in ''Materials and Methods'' section. b lCT renderings of the whole tibia harvested 2 weeks postsurgery, demineralized, and stained for fat with osmium tetroxide. White brackets mark the area of the drilled bone defect. c lCT measurements of a new bone formed either at the entire defect site (total new bone) or at the endosteal (endosteal new bone) or periosteal (periosteal new bone) location of the bone defect. d lCT measurements of fat content at the entire defect site (total fat) or at the endosteal or periosteal location of the defect site. e Measurement of fat content in the contralateral nonoperated tibia in the region corresponding to the drilled defect in the operated tibia. Gray bars, control; black bars, rosiglitazone-treated animals. *p \ 0.05 vs. control (Color figure online) model, rosiglitazone induced fat accumulation within the DO gap (Fig. 3c, d) . In untreated animals adipocytes were virtually absent within zones of new bone formation, whereas their number increased by approximately 1,000-fold in the same zones in animals treated with rosiglitazone (Fig. 3c, d ). In contrast, the increase in adipocyte number in the corresponding area of the contralateral tibia was relatively modest, with an average of approximately tenfold (Fig. 3c ).
An analysis of osteoblast numbers on the surface of newly formed bone at the DO site showed no difference in the number of osteocalcin-positive cells present in control and rosiglitazone-treated animals (data not shown). This indicates that rosiglitazone did not affect more mature osteoblasts once new bone had formed but, rather, their precursors at the stage of lineage commitment to adipocytes or osteoblasts.
Rosiglitazone Decreased a Number of PCNA-Positive Cells at the DO Site Intramembranous bone formation in the DO gap requires the differentiation of mesenchymal progenitor cells to osteoblasts. The prerequisite step for osteoblast differentiation is cell proliferation [32] . The PCNA protein is specifically expressed in cells undergoing mitotic division and serves as a marker of cell proliferation. As shown in Fig. 4a , the number of PCNA-positive cells in the DO gap was significantly decreased in rosiglitazone-treated compared to control animals. Interestingly, rosiglitazone treatment affected not only the number but also the distribution of PCNA-positive cells in the zone of new bone formation. In nontreated mice, a dense and highly organized line of proliferating cells was present along the leading edge of the developing bone microcolumns (Fig. 4a, left microphotograph) . In contrast, in animals treated with rosiglitazone this arrangement was disorganized and led to a relative decrease in the number of PCNA-positive cells along the microcolumn leading edges (Fig. 4a, right microphotograph) .
Rosiglitazone Decreased a Number of Cells Expressing VEGF and a Number of Vascular Sinusoids at the DO Site
Angiogenesis is essential to new bone formation by supplying necessary nutrients, oxygen, and cells for this process [20, 33] . New vessel formation is supported by mesenchymal cells producing proangiogenic factors including VEGFs and angiopoietins in response to FGF and PDGF cytokines supplied locally by other bone marrow components. At the DO site, the formation of new bone columns is coupled to a parallel formation of vascular sinusoids [24, 25] . Compared to controls, the number of cells present at the DO site and producing VEGF was decreased by 33 % in rosiglitazonetreated animals (Fig. 4b) . The decrease in the number of VEGF-positive cells was paralleled by a 75 % decrease in the number of vascular sinusoids in the DO gap of animals receiving rosiglitazone compared to control. These data imply that the negative effect of rosiglitazone on new bone formation includes inhibition of new vessel formation, which can be attributed to changes in a local environment supporting angiogenesis.
To determine the extent to which rosiglitazone treatment may affect the angiogenic environment provided by cells of mesenchymal origin, we reanalyzed our existing microarray database representing the rosiglitazone-activated PPARc2 transcriptome in U-33/c2 cells, which serve as a model of bipotential marrow MSCs in which osteoblast and adipocyte differentiation is under the control of PPARc2 [9, 12] . As shown in Table 1 , the microarray data suggest that rosiglitazone may have a negative effect on mesenchymal cell support for angiogenesis. Indeed, in the model of U-33/c2 cells rosiglitazone decreased the expression of factors implicated in the recruitment and differentiation of endothelial cells, including angiopoietins 1 and 4 and VEGFc. It also decreased the expression of two FGF receptors, FGFr2 and -3, and PDGF receptor b, suggesting decreased responsiveness to FGF and PDGF signals, which are recognized as positive regulators of VEGF and angiopoietin production in marrow mesenchymal cells (Table 1 ) [25, 34] .
Discussion
The studies described herein were initiated to address the important question of whether bone regeneration and repair are affected by the antidiabetic TZDs. Both bone repair models, BDR and DO, confirmed that new bone formation is significantly compromised in animals treated with rosiglitazone and that this effect is accompanied by a significant accumulation of fat within the zone of new bone formation. The diminished bone formation is also associated with decreased proliferation of nonadipocytic and likely preosteoblastic mesenchymal cells, which are located in close proximity to the surface of newly formed bone. Rosiglitazone treatment also elicited significant changes in the local bone marrow microenvironment that support angiogenesis, which is essential for the bone regeneration process [20, 25, 33] .
The rosiglitazone inhibitory effect on bone formation and stimulatory effect on fat accumulation were entirely specific to the endosteal compartment associated with the presence of local contiguous bone marrow osteogenic precursors and osteoinductive properties. Interestingly, the effect on periosteal new bone formation and periosteal fat accumulation was marginal, suggesting a differential sensitivity to rosiglitazone of the endosteal and periosteal pools of osteoblastic precursors.
The significant accumulation of fat within the bone regeneration zone is of particular interest. It has been shown previously that TZDs change MSC lineage allocation toward adipocytes and that this occurs at the expense of osteoblasts in both in vitro and in vivo models of bone remodeling [9, 10, 35] . However, the results presented here suggest that the mesenchymal cells which are present at the injury site are especially sensitive to the effects of TZD treatment. The compromised bone regeneration in the presence of systemic rosiglitazone administration correlates with the significant increase in the fat cell number at the regenerating site, an effect that exceeds by several orders of magnitude the fat accumulation in nonregenerating bone. This may suggests that either mesenchymal cells which accumulate at the site of injury are more responsive to the PPARc proadipocytic activation or the appearance of significant amounts of fat results from the large number of multipotential MSCs which accumulate at the site of bone regeneration.
Besides committing MSCs toward the adipocyte lineage, rosiglitazone also inhibits their proliferation and alters their U-33/c2 cells were treated for 72 h with 1 lM rosiglitazone, and gene expression was analyzed using GeneChip Ò Mouse Genome 430 2.0 Array (Affymetrix, Santa Clara, CA), as described [12] . All microarray data are available at the NCBI Gene Expression Omnibus (GEO) database with accession number GSE10192 support for angiogenesis, which are prerequisite conditions for bone regeneration in respect to osteoblast differentiation and the formation of a supporting microenvironment [20, 25, 36, 37] . The exuberant occurrence of new blood vessels at the regenerating site is determined by the osteoblast-like cells' ability to produce proangiogenic factors including VEGFs and angiopoietins, which support endothelial cell migration and differentiation [20, 37, 38] . The production of these factors is regulated by cytokines such as FGFs and PDGFs, which signal through the specific receptors present on the surface of mesenchymal cells. Our data indicate that rosiglitazone decreases the responsiveness of mesenchymal cells to FGF and PDGF signaling, which decreases the production of VEGF and angiopoietins [33, 34] . These data indicate that PPARc plays an essential role in the regulation of support for angiogenesis at the site of bone repair and regeneration. Indeed, it has been previously shown that PPARc plays a pivotal role in organizing the formation of new vasculature during placental development [39] . Although not studied here, there is also the possibility that rosiglitazone directly affects endothelial cell progenitors involved in vessel formation. Recent studies have demonstrated that TZDs inhibit the migration of endothelial cells by targeting their response to VEGF [40] . Thus, TZDs' profound antiangiogenic effect during bone regeneration may comprise both a decreased support of MSCs and a decreased responsiveness of endogenous endothelial cells to proangiogenic factors. In addition, the large quantities of fat may exert a local endocrine effect that is negative to the new vessel formation and bone regeneration.
In summary, rosiglitazone affects the bone regeneration process by at least two mechanisms. The first is intrinsic to mesenchymal progenitor cells and affects their ability to proliferate and differentiate into bone-forming osteoblasts while inducing adipocyte differentiation. The second affects the local microenvironment supporting angiogenesis. The present studies provide the first indication that bone healing in patients on antidiabetic TZD therapy may be significantly impaired and may indicate a need for caution during the orthopedic treatment of such patients.
